The intestinal mucus is an efficient system for protecting the epithelium from bacteria by promoting their clearance and separating them from the epithelial cells, thereby inhibiting inflammation and infection. The function of the colon inner mucus layer is especially important as this explains how we can harbor the large number of bacteria in our gut. The major component of this mucus system is the MUC2 mucin which organizes the mucus by its enormously large net-like polymers. Pathogenic microorganisms, in turn, have developed mechanisms for circumventing this well-organized mucus protective system.
Introduction
The gastrointestinal tract has a large surface exposed to the intestinal content and is as such a major entry point for pathogens. The organism's defense system against this challenge can be viewed as consisting of several 'levels'. The first is the stratified mucus layer which together with the glycocalyx of the epithelial cells provides physical protection. This first defense line is the focus of this review. The second is the single layer of epithelial cells that form a continuous cell sheet interconnected with tight junctions. Here, the goblet cells produce the mucus, and the other major cell type, the enterocytes, have key regulatory roles in mastering the interaction with the microbiota. Both these defense lines belong to the innate immune system together with the third level -resident macrophages and dendritic cells of the intestinal stroma. Finally, the adaptive immune system builds a fourth defense line both as master regulator and as an inducible system to remove microbiota that have sidestepped earlier defense lines.
The gastrointestinal tract
A digestive tract is required for all advanced multicellular organisms to provide the host with both sufficient energy and molecular building blocks. The organization of this into a stable system is a formidable challenge as it must degrade and absorb ingested food at the same time as it must handle the load of ingested microorganisms. As we understand it today, this task is performed using basically the same principle in all animals, but with slightly different molecular solutions. The one found in most species is based on mucus layers built around the mucins [1] . This conclusion is based on the observation that the gel-forming mucins appear already at the level of early metazoans during evolution [2] . An exception is the insects, where the intestine is protected by a chitin mesh that is reinforced by mucin type molecules anchored via their chitin binding domains [3] . Utilizing these two molecular solutions, all organisms have a proximal and distal part of their intestine that is protected with a physical barrier interrupted by a less protected central part that allows absorption of nutrients. Importantly, the use of highly glycosylated molecules which cannot be degraded by the host as the main building block is common to both insects and higher multicellular organisms.
Gastrointestinal mucus and mucins
The gastrointestinal tract is covered by mucus, as revealed by detailed studies in rodents and humans [4;5] . The stomach and colon have a two-layered mucus with an inner mucus layer that is 50-200 μm thick and firmly attached to the epithelium (Fig. 1) . The outer mucus layer is easily removed and has a less defined outer border. In contrast to colon, the small intestine has only one layer of mucus, which is possible to remove by aspiration. Normal mucus is totally transparent and microscopically invisible as it is made up of more than 98% water. This has made the mucus difficult to study, as it will collapse as soon as it is not well hydrated and lost when the tissue is fixed with formaldehyde. Recently, we learnt that the surface of mucus can be visualized with charcoal and that the mucus gel is relatively well preserved in Carnoy's fixative [4;5]. Fig. 1B shows a schematic view of the mucus system of the intestine.
So far only the mucus of the mouse colon has been thoroughly studied for its proteome [5;6]. These studies have revealed a number of proteins which are likely to be important constituents for the formation of a stable mucus. However, it is already clear that the gelforming mucins make up the mucus skeleton and provide most of the properties of the mucus. The major gel-forming mucin of the stomach is called MUC5AC and that of the intestine MUC2. These two mucins are more similar to each other than to the three other members found in the human genome. Although the MUC2 mucin is the most well-studied, most conclusions are probably valid for the MUC5AC mucin as well.
The MUC2 mucin encodes a protein of approximately 5,200 amino acids (an exact figure cannot be provided as the gene has not been fully sequenced yet) [7;8] . Its central part contains two so-called PTS domains [2] which are rich in the amino acids proline (P), threonine (T) and serine (S) [9] . PTS domains are often highly repetitive (as in the second MUC2 domain) but lack sequence conservation between species. The abundant hydroxy amino acids act as attachment sites for the O-glycans. Once the mucin apoprotein reaches the Golgi apparatus, it is densely decorated by consecutive additions of monosaccharides, a modification which turns these domains into long, stiff bottle brush-like rods where the glycans make up to more than 80% of the mass (Fig. 1A) . These highly glycosylated domains are called mucin domains and characterize all mucins. The O-glycans make the mucin domains highly protease resistant [10] and give mucins their high water-binding capacity. Commensal bacteria use these glycans as an important energy source [1] .
The MUC2 mucin forms an enormous net-like polymer. The C-termini of individual MUC2 molecules are linked by disulfide bonds into dimeric and the N-termini into trimeric complexes (Fig. 1A) . Theoretically, this will lead to flat net-like polymers built around 6-cornered rings as shown in Fig. 1A , right [11;12] . This type of structures have the potential to spontaneously form sheets which in turn would give rise to stratified mucus layers. Such stratification has indeed been observed in the inner mucus layer of colon [5] . In addition to the disulfide bond-stabilized core of the MUC2 mucin, there are additional covalent crosslinks that are less well studied [6; 13;14] . Moreover, the MUC2 mucin, as well as most other gel-forming mucins, contain CysD domains [2] . In MUC2, one such domain is found on each side of the small mucin domain. CysD domains have been shown to engage in noncovalent dimeric interactions and by this they have the potential to stabilize the interaction of different MUC2 sheets in the stratified mucus layer [15] . Together, our current understanding of mucins suggests that most of the properties of mucus is built into the mucin macromolecule and the network formed upon its polymerization [9] .
Commensal bacteria and the two mucus layers of the colon
The inner layer of the colonic mucus is attached to the epithelium, shows a compact and stratified appearance and ranges in thickness is from 50 μm (mouse) and up to several hundred micrometers in humans. Its most remarkable feature is that this inner mucus layer normally is devoid of bacteria. The mucus probably accomplishes this by acting as a filter where for example bacteria are too large to enter [5; 9;16] . The inner mucus layer is renewed from below by secretion of the goblet cells and at its lumenal border it is converted to the outer mucus layer (red arrows in Fig. 1B ). This outer layer is not attached to the epithelium and expands 4-5 fold in volume upon conversion due to endogenous protease activities acting on the MUC2 mucin. Expansion allows the endogenous bacteria to enter the outer mucus layer, creating a habitat for the intestinal microbiota [9] .
The human commensal flora is dominated by Fermicutes and Bacteriodetes [17] . There is currently no deeper understanding of why humans have this flora and why other species have other types of bacteria. However, it is interesting to consider that the O-glycans found on the MUC2 mucin of sigmoid colon differ from those of the small intestine, stomach, and lungs by being almost identical between different individuals irrespective of their blood group status [18] . This could suggest that the mucin glycans are part of a mechanism for selecting our microbiota, maybe because the bacteria carries adhesins that are compatible with the host glycans.
The commensal bacteria have a high proportion of their genomes devoted to enzymes involved in glycan degradation [19;20] . These are typically exoglycosidase in nature, removing one monosaccharide at a time [21] . As the number of different glycans on a single MUC2 molecule is high, typically >100 different oligosaccharide species, many different enzymes would be required for their digestion [18] . This also suggests that the removal of all the glycans will take time, something that is probably important for the protection of colon. Dr. Lijun Xia et al. could recently show that mice lacking the Core 1 enzyme (which synthesizes the major type of extension of the GalNAc attached to the protein core) develop spontaneous colitis [22] . Although, the mechanism for this is not yet established, it is likely that the inner mucus layer of the mutant mice is less efficient in excluding bacteria and the mucins are probably degraded quicker. Preliminary estimates of the MUC2 mucin turnover in the distal colon suggest a half-life of only a few hours, implying that a continuous renewal of the inner mucus layer is crucially important.
The released mucin monosaccharides are used by the commensal bacteria as an energy source in addition to undigested carbohydrates from the food [1] . The relative importance of these different carbohydrate sources is not well studied, but would of course vary dependent on the food intake. In any case, the released monosaccharides are converted into short fatty acids by bacterial metabolism and these can diffuse through the inner mucus layer. By this route, the carbohydrates provide a major energy source to the epithelium and the host. As a large amount of energy is spent on building the quickly turned over mucins and mucus, recovery of most of this energy with the help of the commensal bacteria is probably important for the host.
The mucus layer of the small intestine
The small intestine is covered by a single layer of mucus built around the MUC2 mucin [4; 7;8] . This mucus is not attached to the epithelium and is also more permeable to bacteria (Fig. 1B) . The mucins are normally released at the crypt openings and the mucus will cover the villi. The small intestine has a low bacterial density compared to colon, due to the fast transit and its efficient trapping and distal transport of bacteria [23] . Hooper et al have recently shown that the antibacterial protein RegIIIγ secreted by the enterocytes limits the contact of the gram-positive bacteria with the epithelial cells, but does not lower the number of bacteria in the intestinal lumen [24] . In the absence of this protein, bacteria come in contact with the epithelial cells. RegIIIγ is retained in the mucus after its secretion and by this generates a physical separation between the epithelium and bacteria [23] . The antibacterial peptides produced by the Paneth cells keep the crypts free of bacteria and probably also contribute, together with secreted IgA, to further limiting bacterial growth in the small intestine [25] .
Bacteria can be bound to the mucus in several ways. First, the bacteria can be trapped in the pores of the MUC2 network although the small intestinal mucus has larger pores than in colon. Secondly, although the mucins are largely hydrophilic due to their glycan decoration, they also have hydrophobic properties probably conferred by their CysD domains [15] . These domains are suggested to be a major reason of the well-known stickiness of mucus. Thirdly, the polymorphic and variable mucin glycans will bind bacteria carrying adhesins that have specificities for these glycan structures.
Mechanisms for microorganisms to circumvent the mucus layers
The major function of the mucus is to limit bacterial contact with the epithelium and transport bacteria distally [26] . However, this system is not perfect and especially pathogenic bacteria have developed methods to circumvent it. As we still lack some understanding of how mucin and mucus function, we only have limited knowledge of the mechanisms for how pathogenic bacteria avoid this primary protection system. A few aspects and examples will be discussed here.
Small intestine
Pathogens infecting the small intestine have to avoid being trapped by the mucus. It is important for these pathogens to move efficiently towards the epithelium and against the flow caused by secretion and renewal of the mucus. This is reflected in the observation that many intestinal pathogenic bacteria have flagella [27;28] . Bacteria lacking adhesins specific for the mucin glycans of the specific host are probably better off in this environment as they will not be as efficiently trapped. Interestingly, it was noticed several years ago that bacterial adhesins often bind to glycosphingolipids which carry several glycan substructures that are not found among the mucin glycans [29;30] . As glycosphingolipids are abundant in the apical membranes of the enterocytes, these could act as anchoring sites for the bacteria once they have reached the epithelial cells. This and other similar mechanisms will allow specific bacteria to reside below the mucus layer.
Salmonella is an invasive bacterium which needs to circumvent the innate immune system to reach the epithelium [27] . In order to come in contact with the epithelium and swim against the mucus flow, its flagella must be able to propel the bacteria towards the epithelial cells directed by chemotaxis [28] . It has also recently been suggested that the IFNγ receptor mediated signaling triggered by Salmonella infection can affect the goblet cells in a for the bacteria beneficial way, something that could further facilitate bacterial penetration [31] .
Stomach
Helicobacter pylori -The stomach has a two layered mucus system similar to the one found in colon (Fig. 1B) [4] . The attached inner mucus layer maintains a pH gradient with a pH of 2 at the lumen and 7 at the epithelial surface [32] . Few bacteria have developed mechanisms to infect this organ, but H. pylori is a specialist which can cause both gastric ulcer and
cancer. An important virulence factor is the adhesin BabA which binds the blood group antigen Lewis b (Le b ) and related antigens [33] . As mucins of the stomach also carries Le b antigens, modulation of attachment is probably dynamic during the primary infection when H. pylori penetrate the mucus [34] . In fact, recent observations suggest modulation of BabA expression during colonization [35] . It is also possible that H. pylori mucus interactions can be altered by the mucus pH gradient. The inner mucus layer of the stomach can drastically change its properties as it opens pores in the mucus, probably in a pH-dependent manner, to allow the secretion of hydrochloric acid from the glands [36] . It has also been suggested that H. pylori can alter the mucus viscosity while moving through the mucus gel [37] . Lindén et al. could recently show that also the non-gelforming transmembrane MUC1 mucin limits H. pylori infection both by steric hindrance and by acting as a releasable decoy which washes away the bacteria [38] . The mechanism by which H. pylori penetrates the mucus and infects the host is however complex and far from understood [34] .
Colon
The parasite Entamoeba histolytica has a Gal-binding lectin that anchors the parasite to the colon mucus, probably to the attached inner mucus layer. This allows the parasite to reside in the colon [39] . The specificity for Gal/GalNAc of this lectin is in line with E. histolytica binding to the glycans on the MUC2 mucin [18] . Once bound, the parasite turns on a program which induces the expression of a cysteine protease necessary for invasion [40] . This enzyme is able to degrade the MUC2 mucin by cleavage at a very specific site localized N-terminally of the first Cys amino acid in the MUC2 C-terminus [41] . The cysteines in this part of MUC2 form numerous disulfide bonds which stabilize the protein and make it resistant to many proteases. A second E. histolytica cleavage site further Cterminally is surrounded by disulfide bonds and a cleavage here will not disrupt the polymer. Cleavage with the E. histolytica cysteine protease at the first site will dissolve the inner mucus layer of colon and thus allow the parasite to reach the epithelium. E. histolytica can then attach to the epithelium and penetrate the intestine to cause the systemic infection typical of this disease. The amino acid sequence containing the E. histolytica cleavage site in the human MUC2 polymer is absent in rodents, something that may explain why rodents are not infected with E. histolytica [41] . It should also be noted that only a portion of humans infected with E. histolytica have invasive disease, a finding that might be related to variable MUC2 glycosylation which may affect cleavage at this site.
Simple experiments have shown that fecal bacteria can secrete proteolytic activities that are capable of cleaving the protein core of the MUC2 mucin [42] . This suggests the existence of bacteria that can cleave MUC2 and by this maybe also disrupt the MUC2 network. Interestingly, several commensal bacteria belonging to the Lactobacilli and Bacteroidetes species do not secrete such proteases [42] . This observation suggests, as expected, that commensal bacteria are not able to disrupt the inner mucus of colon. However, there are other bacteria which can dissolve the inner mucus and if these bacteria are efficient, these and other bacteria can reach the epithelial cells. This situation is similar to the one observed in mice lacking the MUC2 mucin or having defects in MUC2 glycosylation, where severe colitis develops [22;43;44].
The robustness of the inner mucus layer in maintaining a bacteria-free shield is challenging for pathogens affecting the colon [26] . Little is known of this, but in a mouse colon infection model (Citrobacter rodentium), the bacteria reside below the inner mucus layer by a mechanism similar to one described for H. pylori [45] .
Inflammation
In the absence of MUC2, as in the Muc2-null mice, the bacteria are in direct contact with the epithelial cells. The bacteria penetrate down into the otherwise sterile crypts and are also found inside the enterocytes [5;43]. These mice develop, depending on the animal housing and genetic background, a more or less severe colon inflammation with infiltration of both neutrophils and lymphocytes, diarrhea, rectal prolapses and failure to thrive [5;46] . The Muc2-null mice also develop cancer after several months, further suggesting that the phenotype of these mice resembles the human disease ulcerative colitis [43] . A further illustration of the importance of the inner mucus layer for protection of colon is shown by the observation that the most commonly used model for colitis in rodents, dextran sulfate treatment, causes the inner mucus layer to become permeable to bacteria several days before any inflammation is observed [16] .
Concluding remarks
The importance of the intestinal mucus has recently been rediscovered, something that is timely with the characterization of the human intestinal microbiota by novel sequencing methods. The organization of the inner mucus layer of colon is very important for homeostasis as defects in or loss of this allows bacteria to reach the epithelium and trigger inflammation. An understanding of the formation of the mucus layer and how the properties are altered, as triggered by intestinal microbiota and the host immune system, will provide new insight into colon inflammation and the poorly understood disease ulcerative colitis. Schematic outline of the MUC2 mucin and its formation of mucus in the small and large intestine. A. Assembly of the MUC2 mucin (protein core red) into dimeric forms in the endoplasmic reticulum (ER), O-glycosylation (green) in the Golgi apparatus, formation of trimeric forms in the trans Golgi network (TGN) and a schematic picture of the secreted MUC2 polymer. B. The MUC2 mucin is secreted from the goblet cells (black arrows) to form the mucus. Colon have a two layered mucus where the inner layer is converted (red arrows) to the outer mucus layer. The stomach has a mucus essentially as that of colon (not shown). Red dots symbolizes bacteria.
